Abstract -In the present survey some important trends in the high-pressure thermodynamics of fluid mixtures of non-electrolytes are reviewed,the accent being on selected results for polar mixtures that have been recently obtained in our laboratory. First the pressure dependence of molar excess functions is discussed; it can be obtained from a knowledge of the molar excess volume V as a function of pressure, temperature, and composition. Results for binary systems consisting of strongly interacting components (e.g. triethylamine + trichloromethane) are presented and attempts are described to determine the hydrogen-bonding parts of the molar excess volume and from these the equilibrium constant K and the standard reaction volume ArV° for the formation of the hydrogen bond.
high-pressure thermodynamics of fluid mixtures of non-electrolytes are reviewed,the accent being on selected results for polar mixtures that have been recently obtained in our laboratory. First the pressure dependence of molar excess functions is discussed; it can be obtained from a knowledge of the molar excess volume V as a function of pressure, temperature, and composition. Results for binary systems consisting of strongly interacting components (e.g. triethylamine + trichloromethane) are presented and attempts are described to determine the hydrogen-bonding parts of the molar excess volume and from these the equilibrium constant K and the standard reaction volume ArV° for the formation of the hydrogen bond.
The pressure dependence and critical phenomena of liquid-gas, liquid-liquid, and gas-gas equilibria will be shortly reviewed and some new data will be presented. Here phase separation phenomena in binary as well as ternary systems will be considered, the accent being on solutions of alkanols (e.g. methanol, 1-hexanol, 1-decanol, 1-dodecanol) in liquid (e.g. alkanes) or supercritical (e.g. C02, N2, CHF3, CC1F3) solvents and their mixtures. For 1 -decanol + CO2 and 1 -hexanol + CC1F3 the concentrations of the monomeric and associated alkanol species in the coexisting phases have been determined separately by near-infrared spectroscopy (NIR). Methods for the correlation and calculation of the phase equilibrium data measured are very shortly discussed. Finally the significance of high-pressure phase equilibria in fluid mixtures for practical applications is briefly described e.g. for fluid extraction and supercritical fluid chromatography (SFC).
INTRODUCTION
It is the aim of the present review to discuss some important trends in the high-pressure thermodynamics of fluid mixtures of non-electrolytes and to demonstrate several interesting and sometimes new effects that often allow a better understanding of the enormous amount of knowledge already obtained at normal pressure. The present written version of the lecture will have an accent on recent, mostly unpublished results on some selected binary and ternary fluid mixtures containing at least one polar component that have been obtained in our laboratory at the University of Bochum during the last two or three years. It will accordingly be a continuation of some older of our review articles in this and related fields (ref s [1] [2] [3] [4] [5] [6] covering also experimental techniques (ref. 7) and kinetic investigations (ref. 8 ). Applications will only briefly be considered; an extensive survey including physico-chemical aspects can be found in three books (ref s [9] [10] [11] and in the proceedings of several meetings or special issues of some journals; for citations see e.g. ref s 5,9-11.
EXCESS FUNCTIONS OF LIQUID MIXTURES AT HIGH PRESSURES
The pressure dependence of the molar excess Gibbs energy , the molar excess entropy S, and the molar excess enthalpy can be obtained from accurate measurements of the molar excess volume as a function of temperature T and pressure 2 according to the well-known thermodynamic relations:
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Here is defined as m'E' -1•1('E) (4) where V(T,p,x) is the molar volume of a mixture of mole fraction x at given temperature and pressure and (T,p) and 2(T,p) are the molar volumes of pure components 1 and 2 at given teperature adpressure,respectively. Integration of equations (1) to (3) yields the change of the molar excess functions between atmospheric pressure and the pressure p for a mixture at given temperature and mole fractions. For a more detailed discussion see e.g. ref. 4. In order to evaluate these changes it is necessary to measure the excess volumes as accurately as possible. From measurements at atmospheric pressure it is well-known that direct measurements (where the volume change is observed when two liquids are mixed in a dilatometer) are capable of yielding higher-precision results more readily than the indirect method (when the densities of the pure liquids and their mixtures at known compositions are measured) . Our excess-volume measurements were performed according to the direct method in a stainless-steel dilatometer of the batch type, mounted in a high-pressure autoclave. The apparatus has been improved several times and is described in detail elsewhere (ref. 12) . Accuracies for of about ±0.01 cm3 mol1 are obtained. With this apparatus measurements up to a maximum pressure of about 250 MPa were performed on many aqueous and non-aqueous systems; for references see e.g. refs 12, 4.
Here only one example will be treated in somewhat more detail that is within the special scope of this Conference. Very recently an attempt was made in our laboratory to obtain the hydrogen-bonding part of the excess molar volumes (corr) of the mixtures (triethylamine or diethylether) + trichloromethane reported in a preceding paper (ref s 13, 14) by substracting the values of the corresponding model systems in which trichioromethane was substituted by 1,1,1-trichioroethane and which are expected not to form hydrogen-bonds. In Fig.1 experimental data on the binary systems triethylamine+trichloromethane ( Over the whole mole fraction range values of y(corr) were calculated at p = const and T = const and fitted to the equation: (5) With the parameters A1 and A2 obtained from Eq(5) values of V(corr) in theE range 0.2x0.8 were calculated and x(1-x)/V(corr) was plotted against (corr) (ref 15, 16) . According to the socalled "chemical theorey" this plot is expected to show a linear dependence (see ref. 17 ) with the slope S and the intercept I respectively S = -(1 +K)/K r and (6) I = (1 +K)/K rL°( 7) Combing equations (6) and (7) (8) and (9) uch as btained from the plot: . Since is negative for this system and is found to be negative, too, G becomes even more negative with increasing pressure; thus at higher pressures the mixture becomes less ideal with respect to and more ideal with respect to \Tj. Such a situation is by no means unusual and has also been found in other ystems(see e.g. ref.
4).
It should be mentioned that can be determined as a function of pressure by integration of Eq(3). These data can be compared with values measured directly in a high-pressure flow calorimeter. This technique has been developed by Christensen et al (e.g. ref. 19 ) and Heintz and Lichtenthaler (e.g. ref. 20) and will be of increasing importance in the future. 
PHASE EQUILIBRIA OF POLAR FLUID MIXTURES AT HIGH PRESSURES
In the past the three different types of two-phase equilibrium in fluid mixtures -namely liquid-liquid, liquid-gas, and gas-gas equilibria -have normally been discussed separately. During the last two decades own systematic investigations, however, have shown that the limits between these three forms of heterogeneous phase equilibrium are not well defined and that continuous transitions occur. This hypothesis has been discussed in detail in the reviews mentioned above (ref s [1] [2] [3] [4] [5] [6] where also references are given. Thus there is no need to repeat these phase-theoretical arguments and the reader is referred to the literature cited.
In the following only some selected phase separation phenomena in binary as well as ternary systems at high pressures will be considered the accent being on solutions of alkanols (e.g. methanol, 1-hexanol, 1-decanol, 1-dodecanol) in liquid (e.g. alkanes) and supercritical (e.g. C02, N2, CHF3, CC1F3) solvents and their mixtures. Most of these measurements have been performed in our laboratorv during the last two or three years and are not yet published.
Our activities have been concentrated on these systems because solutions of alkanols in liquid and supercritical solvents are of increasing scientific and practical interest. They are model systems for the thermodynamic and statistical treatment and understanding of mixtures consisting of a polar, H-bonded component and a less polar or even unpolar solvent, and thus show interesting properties such as positive azeotropy and liquid-liquid immiscibility. In addition methanol and ethanol as well as their mixtures with hydrocarbons have practical importance as fuel substitutes and the higher normal alkanols are of interest for the pharmaceutical and food industries; e.g. fluid extraction of saturated and unsaturated fats, oils, waxes etc. and their derivatives from natural products might become a promising separation process on an industrial scale in addition to the decaffeination of coffee and the extraction of hops, spices etc. that are already in use. Very recently the systems methanol + butane and + pentane (ref. 24 ) have also been studied. As a typical example selected results for methanol +pentane are presented in Fig.4 where some p(T) curves for x=const (socalled isopleths; Fig.4a ) such as determined in the experiments and some T(x) isobars (Fig.4b) 
The correlations are discussed in detail in preceding papers (see e.g. ref s 22, 23) where also numerical values of the parameters are given; it is interesting that from the fit n> 3 results. Equations (10) and (11) might also be promising for the correlation of other demixing systems at high pressures.
From the p(T) isopleths in Fig.4a the critical p(T) curve (which is the envelope of all isopleths) was determined. It is given in Fig.5 where the criti- Binary and ternary systems containing 1-dodecanol
In the investigations described in this section 1-dodecanol is used as a model substance to test different gases as supercritical solvents. The phase-theoretical aspects, however, will not be discussed here in detail (see refs 30, 31) .
In Fig.6 p(w) and p(x) diagrams for binary 1-dodecanol+gas systems at 392 K (where w = mass fraction, x = mole fraction) are given (refs 30, 31) . For 1-dodecanol+C02 (Fig.6a ) the p(w) and p(x) curves correspond to a typical gasliquid isotherm in the critical region, 1-dodecanol and CO2 being completely miscible in all proportions at pressures above about 27 MPa. The phase behaviour of 1-dodecanol+CC1F3 is quite similar showing complete mutual miscibility at pressures that exceed about 35 MPa (Fig.6b) . In the system 1-dodecanol+CHF3, however, no complete mutual miscibility is found (Fig.6c) and the mass and mole fractions of the alkanol pass through maximum values with increasing pressures respectively (curvesonthe left). Thus Fig.6 demonstrates that (comparing these three gases) C02 is the best and CHF3 the poorest solvent for 1-dodecanol whereas CC1F3 is between them (see ref. 33 ).
These findings suggest the use of CC1F3, CHF3 or another gas as a moderator for CO2. Such moderators play an important role in fluid extraction whenever the solvent power or the selectivity of a supercritical solvent (mostly C02) has to be changed. Systematic investigations with respect to these problems are underway in our laboratory (refs 30-33) some examples being given inFig. 7. In Fig.7a and Fig.7b the moderator effect of CC1F3 and CHF3 respectively on the solubility of 1-dodecanol in supercritical CO2 is demonstrated by means of ternary phase diagrams for T = const = 392 K, the dashed lines being the ternary critical curves (refs 30, 31) . The results are quite astonishing:
-Although CC1F3 is a much poorer solvent for 1-dodecanol than CO2 the critical pressure of 1-dodecanol +C02 remains practically unchanged by the addition of CC1F3 up to rather high mass fractions of CC1F3 (Fig.7a) -In spite of the fact that CHF3 is a rather poor solvent for 1-dodecanol compared with CO2 the critical pressure runs through a minimum, a maximum and again a minimum by the addition of CHF3 (Fig.7b) . These findings give evidence that complicated molecular interactions will exist in solutions of this kind and demonstrate how difficult it is to understand and optimize moderator effects.
Another interesting critical phase behaviour in a related ternary system is shown in Fig.7c where the isothermal p(x1,x2) phase diagram of the ternary system 1-dodecanol+hexadecane÷C02 is given at T=const=393.15 K (ref. 32) . Here the ternary critical curve runs through a distinct pressure minimum giving evidence for a typical cosolvency effect in this ternary mixture. Besides such a behaviour is rather often found in ternary systems where two binary miscibility gaps with similar critical pressures or temperatures exist (see e.g. ref. 34 ).
Association of alkanols in supercritical solvents
Some years ago an analytical method was developed in our laboratory to measure the concentrations of selected components in high-pressure fluid phase separations without any sampling by near-infrared spectroscopy (NIR). The apparatus that has been described in detail elsewhere (ref s 35, 36) has recently been used for the investigation of solutions of 1-hexanol and 1-decanol in supercritical C02, CC1F3 and SF6 at temperatures up to 400 K and pressures up to 70 MPa (ref. 33) . With the use of an integrated form of Lambert-Beer's law the total alkanol concentration was determined from the first overtone of the C-H stretching (1655 -1790 nm) and the combination (2220 -2370 nm) modes whereas the monom concentration was obtained from the first overtone of the 0-H stretching vibration, the difference of both corresponding to the concentration of associated alkanol species. Some selected results are presented in Fig.8 and 9 . Fig.3 shows four different p(log c) isotherms of the system 1-decanol +C02 at 343.4 K (Fig.Ca) , 362.9 K (Fig.8b) , 382.5 K (Fig.8c) and 402.0 K (Fig. 8d) where c is the alkanol concentration in mg.cm3. Here the total alkanol concentration (indicated by squares) as well as the concentrations of alkanol monomers (indicated by circles) or associated alkanol species (indicated by triangles) are plotted for the gaseous (three curves on the left) and the liquid (three curves on the right) phases, respectively. From Fig.8a-d the pressure and density dependence of these concentrations can be deduced. An important result is that in the gaseous phase most of the alkanol is monomeric at all temperatures whereas in the liquid phase it is associated at low temperatures (see Fig.8a ) but with increasing temperature the monomer concentration increases and finally exceeds that of the associates (see Fig.8d ).
For the system 1-hexanol +CC1F3 (Fig.9 ) most of the alkanol is associated in both phases at the lowest measuring temperature (323.4 K, Fig.9a ) but the concentration of monomers in the gaseous phase rapidly increases with increasing temperature and exceeds that of the associates at the highest temperature measured (401.3 K, Fig.9c ). For a detailed discussionandadditionaldataseeref.33. carbon dioxide by means of isothermal -isobaric (Fig.lCa, lOb) and isothermal -density programmed (Fig.lOc) supercritical fluid chromatography (ref s 44, 45) . At high density of the mobile phase the separation is incomplete (Fig.lOa) , at lower density it is complete but more time-consuming (Fig.lCb) . Thus Fiq.lOa and Fig.lOb give evidence for the fact that with decreasing pressure the selectivity of carbon dioxide as a supercritical solvent increases whereas the solvent power decreases. With the density program, however, a good and rapid separation is obtained (Fig.lOc) .
From the isothermal -isobaric experiments capacity ratios k were calculated according to cstat stat RO
stat mob where c and c are the concentrations of the sample and V and V the volumes of the stationary and mobile phases respectively and tR the retention time of the substance under test and to the retention time of a nonretained compound respectively. According to Eq (14) the capacity ratio k is proportional to the distribution coefficient KsCstat/cmob and, since vstat/ Vmob is about constant, k as a function of pressure is a measure of the pressure dependence of K. Thus k is a highly interesting thermodynamic parameter.
In Fig.11 k is plotted on a logarithmic scale versus density p for all components of the mixture separated in Fig.10 (ref. 44) . Fig.11 demonstrates that all k decrease by more than one order of magnitude when increasing the densitffrom about 0.5 to 0.8 g.cm3. In addition Fig.11 illustrates why a better separation of the mixture is found at lower densities since some of the log k(p) isotherms intersect at high densities. 
-12 = 1 (16) where a2(x) is the peak variance expressed as a length, u the average velocity of the mobile phase, r0 the inner radius and 1 the length of the capillary tube.
In Fig.12a 12 points. In Fig.12b the same data as in Fig.12a are plotted versus the density p of SF6 instead of versus pressure p. It is remarkable that for densities of about 1.3 g'cm-3 there is little if any influence of temperature, D12 being determined by the density of the system only. Thus Fig.12b makes evident that the 'pressure dependence' of D12 is predominantly a result of density changes. For a more detailed discussion see refs [47] [48] [49] .
CONCLUSION
The present review demonstrates that some interesting effects can be observed in fluid mixtures at high pressures. Here a most important advantage is the possibility to study physico-chemical phenomena as a function of density and even at constant densities where the intermolecular distances also remain essentially constant. Owing to rapid developments in experimental high-pressure techniques, the ranges of temperatures and pressures involved are already accessible quite easily and at moderate costs.
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